A unique type of refractive index (RI) sensor is proposed using a dual Mach-Zehnder interferometer (MZI) structure based on side-hole fibers (SHFs). The MZI structure contains two single-mode fibers (SMFs), two coreless fiber (CLF) sections and an SHF section, which are spliced together in the order of SMF-CLF-SHF-CLF-SMF. The SMFs and the CLFs enable light lead in/out and beam splitting/combining, respectively. As a special feature of the structure, one hole of SHF is exposed for liquid filling and to form two MZIs as well. Three types of sensors are fabricated, namely S1, S2 and S3. Numerical simulation and experimental studies have been conducted to characterize the sensing performance. The RI sensitivity of the S1 using the ∼550 μm long SHF section reaches 14,000 nm/RIU. When a shorter SHF section is used in S2, the detectable RI range is broadened due to larger FSR. When the closed hole of SHF in S3 is filled with liquid to introduce the Vernier effect, the sensitivity can be further enhanced to over 44,000 nm/RIU (i.e., Refractive Index Unit), which corresponds to the detection limit at the level of 1.0 × 10 −5 RIU. This sensor design is original and easy to package, which gives it potential for label-free biochemical analyses.
Introduction
Refractive index (RI) sensing of liquids is essential for chemical and biological experiments because the RI directly reflects the composition changes of liquids. In contrast to the widely-used prism-based refractometers, the RI sensors based on optical fibers offer many advantages, such as immunity to electromagnetic interference, high sensitivity, and low cost, and when biological sensing is considered -easy sample disposal. Various optical fiber RI sensors have been reported based on fiber Bragg gating (FBG) [1] , [2] , long-period grating (LPG) [3] , [4] , tapered fiber [5] - [8] , and Fabry-Perot interferometer (FPI) [9] , [10] . Among them, fiber-based Mach-Zehnder (MZI) [11] - [14] and Michelson [15] , [16] interferometers are extensively studied for RI sensing. When the MZI is formed by using a microcavity fabricated in an optical fiber [17] , exceptional sensitivity can be obtained due to the tight optical confinement of the microcavity, for example, a recent study showed a sensitivity of over 10,000 nm/RIU (i.e., Refractive Index Unit) [18] .
Although various structures and mechanisms have been proposed, the area of interaction between the optical field in the fiber and the liquid is still very limited. Microstructured optical fibers (MOFs) [19] - [21] , especially hollow-core photonic crystal fibers [22] , [23] , offer a perfect platform for flowing fluids and guide light in the same path, which would significantly enhance the direct/indirect interactions between the light and the liquid. Moreover, the air hole region in an MOF acts as a small-volume chemical reactor and is very promising for chemical sensing and photochemistry.
As a special type of MOF, side-hole fiber (SHF) contains two large air holes on both sides of the central core and will be used in this paper. Here, we will construct an RI sensor using a laterally offset section of SHF to form two Mach-Zehnder interferometers. The structure will be analyzed theoretically and numerically, and its performance will be examined experimentally.
Design and Experimental Details
The schematic representation of the proposed sensor is shown in Fig. 1 . It contains a laterally-offset section of SHF between two sections of coreless fibers (CLF). The SHF (Yangtze Optical Electronic Co., Wuhan, China) has two large air holes beside the core. The diameters of the core, air holes and cladding are 9 μm, 37 μm and 114 μm, respectively. Two holes are symmetrically distributed on both sides of the core with a gap (edge distance) of 12 μm. One of the air holes is exposed to external medium due to the lateral offset. The CLF is made of fused silica and has a diameter of 125 μm. The core diameter and the cladding diameter of the single mode fiber (SMF, model SMF-28e, Corning) are 8.2 μm and 125 μm, respectively. The SMFs at both the CLF ends act as the input and output fibers that are connected to a broadband light source (HOYATEK, HY-SLED-1550-10-90-8-FC/APC-T) and an optical spectrum analyzer (YOKOGAWA AQ6370D), respectively. The wavelength range of interrogation is 1450-1650 nm.
As indicated by the arrows in Fig. 1 , the light from the input SMF is transmitted into the section of CLF, which acts as a beam splitter, and then, it is transmitted into both the air holes and the silica part of the SHF. Next, the beams are combined in the second CLF and finally transmitted into the lead-out SMF. Here, the length of the CLF (L CL F ) was chosen to be almost 1 mm to ensure that there is sufficient light coupled into the air holes of the SHF without exciting obvious multimode interference in the CLF section. The light beams interfere with one another and can be treated as a combination of two MZIs. One MZI acts as the sensing element and transmits the light through both the silica part and the exposed hole, which can be filled with a sample. Similarly, the other MZI works as the reference element. The difference is that the hole is closed and immune to external liquid. It should be noted here that light can also pass through the split between the coreless fibers (as indicated by the red arrow below the SHF in Fig. 1 ). This situation is not discussed in the rest of the paper, because it is of the same condition as the lightpath inside the SHF.
The interference of the two interferometers can be represented by Eqs. 1 and 2, where I h −op ened , I si li ca and I h −closed are the intensities of the light in the sensing arm, the silica part, and the reference arm, respectively. Additionally, φ sen sin g and φ reference are the phase differences of the two interferometers after the beams go through the sensing arm and the reference arm, respectively. They are expressed by Eqs. 3 and 4, where L SH F is the length of the SHF, λ is the wavelength of the input light, and n eff si li ca , n eff samp le and n eff reference are the effective refractive indices of the modes in the silica glass, the sensing and the reference arm, respectively. Here, n s (or n r ) is the effective RI difference between the modes in the silica glass and in the sensing (or reference) arm. 
Therefore, transmission dips in the two MZIs occur at the phase differences of (2k+1) π (here, k is integer), and the corresponding wavelengths can be written as
Then, the free spectrum range (FSR) of both transmission spectra can be expressed by
F SR r = λ 2 n r L SH F (8) where F SR s and F SR r are the FSRs of the reference interferometer and the sensing interferometer, respectively. If n s and n r are closed to each other but not equal, the Vernier effect would be facilitated [24] , [25] . As a result, the transmission spectrum would have a series of additional periodic fringes with different amplitudes. The FSR of the transmission spectrum envelope F SR envelop e can be described by
Due to the Vernier effect, the envelope shift in response to the RI change is larger than the fringe shift in the original spectrum, which results in enhanced sensitivity.
In this paper, three types of sensors, namely S1, S2 and S3, are fabricated and explored. As a special feature of the structure, the SHF is laterally offset (S1 and S2) or side polished (S3) to expose one of its holes for liquid filling and to form two MZIs as well. The fabrication process of S1 and S2 start with the cleaving of a segment of lead-in SMF and a segment of CLF before they are spliced together by a fusion splicer (Fujikura 80C). Then, the spliced CLF part is cleaved again by a precision fiber cleaver to have a length of approximately 1 mm. Next, it is spliced to a segment of SHF using a polarization maintaining fiber fusion splicer (Fujikura FSM-100P+). Using the x-motor, the SHF is laterally offset from the optical axis by 30 to 35 μm in such a way that half the area of one of the two holes is covered by the CLF and the other half area remains open. During the fusion splicing of the SHF and the CLF, the discharge position is shifted to the CLF side by 30 μm, rather than at the middle of them. This action prevents the collapse of the holes of the SHF. After spicing, the SHF is shortened to approximately 500 μm long for S1 or 300 μm long for S2, and it is then spliced again with another section of CLF and SMF. The lengths of each of the fiber sections are examined by an optical microscope (Dino-Lite, AM7915MZT). In our tests, L SH F of S1 is ∼548 μm as shown in Fig. 2(a) , and L SH F of S2 is ∼351 μm, as shown in Fig. 6 (a). As an improvement to the structure, the fabrication process of S3 is similar to the previous two sensors, and the specific details will be mentioned in the corresponding section later.
The fiber structure is numerically analyzed using the model analysis function in the wave optics module of COMSOL Multiphysics 5.3b software. The parameters of the SHF during the simulation are as follows: RIs are 1.452, 1.444 and 1.3329 for the core, the cladding, and the liquid in the hole, respectively; the diameters are 9 μm, 37 μm and 114 μm for the core, the air holes and the cladding, respectively. Two holes sit on both sides of the core with a gap (edge distance) of 12 μm.
For the RI sensing analysis, glucose-based solutions are used, and their RI values (n D ) are measured to the fourth digit using a digital refractometer. A linear relationship is also fit as follows:
where a and n are the concentration (unit: mg/mL) and the RI of the glucose solution, respectively.
Results and Discussion
Fig. 2(a) presents the microscopic image of the first sensor sample (S1). Fig. 2 (b) and 2(c) show the transmission spectra measured in air and in water, respectively. When S1 is in air, both the opened and closed holes are filled with the same material (i.e., air), n s and n r are identical, and thus, the spectrum resulted from the interference of the two identical MZIs. The FSR is found to be 9.64 nm. When one of the holes is filled with water (n D = 1.3329 RIU), it caused a large difference between n s and n r . The black line in Fig. 2 (c) plots the spectrum acquired in water, which shows additional periodic oscillations. The red line in Fig. 2 (c) represents the envelope of this spectrum. The FSR of the envelope was 40.92 nm. To investigate the number and the power distribution of the modes, the interference spectra in air and water are transformed to the frequency domain by fast Fourier transform (FFT). The results are plotted in Fig. 2(d) , which shows the changes of interference modes and intensities. For the sensor in air, there are two modes. When in water, the second mode is weakened, and an additional mode appears between the two previous modes. For the interference power, it is mainly distributed in the air hole (except for the core mode) when both the holes are filled with air. In contrast, the power in air is reduced by half when one hole is filled with water, and some power is transferred to the liquid. This finding shows that there are three modes in the structure when one hole is filled with liquid, i.e., the core mode, the mode in the air and the mode in the liquid. If we put these three RIs (∼1, ∼1.333 and ∼1.45) of these three materials into Eq. 7 and Eq. 8, the values of F SR s and F SR r are close to 40.92 nm and 9.64 nm, respectively. Fig. 3 shows the simulated distributions of the electric fields of the three modes for the wavelength of 1.55 μm at different polarizations. As marked with red characters and red arrows, the simulated distributions of the electric field on the left are based on vertical polarization, while the right shows the case of horizontal polarization. The effective mode indices of the three modes at different polarizations are also shown in Fig. 3 . In the cases of both horizontal polarization and vertical polarization, the effective mode indices of the three modes are close to the RI of the corresponding three materials. Weighted averaging is performed according to the amplitudes of the electric field of the same mode in two polarizations to obtain the final effective mode index of the corresponding mode. For example, the final effective mode index of the core mode is determined to be 1.4487578. Next, we inserted these final effective RIs of three modes into Eqs. 1-4 and obtained the calculated spectrum as shown in Fig. 4 . By comparing Fig. 4 and Fig. 2(c) , it can be seen that these two spectra are very similar. The major difference lies in the values of the FSRs (38.73 nm in the calculation versus 40.92 nm in the experiment), which may be caused by the difference between the real RI and the RI assumed for the simulations, as well as the inaccurate measurement of the length of the SHF.
Next, the RI sensitivity of the sensor is investigated. Fig. 5(a) and (c) plot the envelopes of simulated and experimental spectra for the sample S1 when one of the holes has different RIs. In the biosensing field where ultra-high sensitivity sensors are urgently needed to achieve sub-molecular-level detection, the refractive index of the sample to be tested is almost equal to that of water, so the refractive index range around 1.333 is firstly verified here. It can be seen that both envelopes of spectra exhibit a blue shift with an increase in RI. To estimate the sensitivity, the relationships between the wavelength shifts and the RI are plotted in Fig. 5 (b) and 5(d) for the simulation and the experiment, respectively. Linear fits give the sensitivities at the level of 14,000 nm/RIU in both cases. It is noted that both have R 2 > 0.999, which proves the excellent linearity between the peak shift and the RI change.
The above RI sensitivity is quite high. However, it does not use the Vernier effect effectively. In the above experiment, one hole is filled with air and the other is filled with liquid, the difference between these two FSRs is very large (F SR s = ∼40 nm versus F SR r = ∼10 nm). In fact, the spectral envelope is merely the interference spectrum of only the sensing MZI, rather than the combination of the sensing MZI and the reference MZI. Moreover, the FSR is so small that the detectable RI range is greatly limited. The following discussion is based on these aspects.
To examine the influence of the SHF length, the second sensor sample S2 is fabricated with L SH F = ∼350 μm. Fig. 6(a) presents the device photo, and Fig. 6(b) plots its spectrum and the envelope when the device is placed in water. The response is similar to that of the sample S1 in Fig. 2(c) , but here it has FSR = 66.84 nm. The change in the FSR for both the sensors agrees well with Eq. 7, i.e., the FSR is inversely proportional to L SH F . Similar to what is done in S1, the RI sensitivity of S2 is also investigated, as shown in Fig. 7 . The value of the sensitivity of S2 is slightly lower than those of S1. Although L SH F is shortened by ∼30%, there is no significant change in the Fig. 4 . Calculated spectrum (black line) and its envelope (red line) for the fiber sensor sample S1. Fig. 5 . Envelopes of the calculated (a) and the measured transmission spectra (c) for the sample S1 when one of SHF holes is filled with the liquids of varying RIs. Wavelength shift of the chosen peak is plotted and fit with respect to the RI for the calculated (b) and experimental results (d).
RI sensitivity. In addition, the decrease in L SH F not only extends the detectable RI range due to the enlarged FSR but also reduces the required volume of liquid solution, which is calculated to be as low as 0.4 nL when one hole in this SHF section is fully filled. In brief, a shorter SHF does not affect the sensitivity but extends the RI detection range and reduces the required liquid sample volume.
As mentioned above, the Vernier effect does not play its role in samples S1 nor S2 because of the large difference between F SR s (∼40 nm) and F SR r (∼10 nm). To enable the Vernier effect, the closed hole can be pre-filled with the liquid before the splicing, and therefore, n eff reference becomes close to n eff samp le , and in turn, F SR r is close to F SR s . In the experiment, another sensor sample S3 is fabricated (see Fig. 8 ). The liquid is mixed with red ink and filled into the holes of the SHF by capillary force. The red ink is to visualize the holes. Then, the SHF was side polished to open one of the holes. Next, a section of side polished SHF is fusion spliced between the sections of CLF and SMF. It should be noted that there is no need for lateral offset because one of the holes is already opened. In S3, the length of the filled section is approx. 500 μm. There are 580 μm and 600 μm long empty regions on both sides of the red region, which is due to the evaporation of the liquid at high temperatures during the splicing stage. The RI of the mixture is n D = 1.3626 RIU.
The spectral response for the sample S3 is shown in Fig. 9(a) . The overall transmission is lower compared with the other non-polished sensors, which is mainly due to the increased length of the The Performance Comparison of Above Sensors light propagation in the liquid and the large absorption of the mixture in the reference arm. In the short wavelength range of the spectrum, the envelope is found to characterize the Vernier effect. The distortion occurs in the long wavelength range may be because the liquid is not fully filling the reference arm. Moreover, the mixture might not be uniformly distributed in the hole and could even contain some micro-bubbles.
Next, sensor S3 is immersed into glucose solutions of different concentrations (0 mg/mL, 0.4 mg/mL, 0.8 mg/mL, 1.2 mg/mL, 1.6 mg/mL and 2 mg/mL), and it captures the spectra as plotted in Fig. 9(b) . The RIs of the glucose ranged from 1.33288 to 1.33311 RIU according to Eq. 10. Fig. 9 (c) plots and linearly fits the wavelength shift of the chosen peak with respect to the RI of the glucose solution. The RI sensitivity reaches over 44,000 nm/RIU, which corresponds to a limit of detection (LOD) at the level of 1.0 × 10 −5 RIU. Compared with samples S1 and S2, sample S3 improved the sensitivity by ∼3 times thanks to the Vernier effect. If the reference arm is fully filled with the liquid, then the improvement factor would be larger, and the shape of the spectrum will be more unified. To clearly show the sensing performance of these three sensors, the relevant data is listed in Table 1 .
In addition to the biosensing field with low refractive index, there may be occasions where it is desirable to detect samples with higher refractive indices [26] . We have configured samples with different refractive index ranges and different sample types to illustrate the detection performance and universality of our device. The samples used here included NaCl solution with refractive index of 1.3553∼1.3576, sucrose solution with refractive index of 1.3872∼1.3893, and glycerin solution with refractive index close to the cladding of fiber and even higher than cladding (1.4285∼1.4300, 1.4665). Figs. 10(a)-10(d) show the experimental spectrum (black line) and its envelope (red line) for the fiber sensor sample S1 in NaCl solution with refractive index of 1.3570, sucrose solution with refractive index of 1.3879 and glycerine with refractive index of 1.4298 and 1.4665. In these different types of solutions with different refractive index, the spectra still remain the same characteristic as the spectrum in the previous solution with low refractive index does, i.e., a large period oscillation overlap with a small period oscillation. It demonstrates that the formulas given and the method used in our proposed approach apply to fluids with a diverse refractive index range, even if the refractive index is close to that of the cladding of fiber, or higher. However, we can also noticed that as the refractive index of the sample increases, the refractive index difference between the core and the liquid decreases, and the FSR becomes larger, which is consistent with Eq. 7. It can be seen from Fig. 10(d) that for the case of a refractive index of 1.4665, the FSR is already larger than the spectral range we used, which causes great trouble for refractive index sensing. Therefore, the samples used in our next refractive index test only include the first three cases.
NaCl solution with RI of 1.3553∼1.3576, sucrose solution with RI of 1.3872∼1.3893 and glycerine with RI of 1.4285∼1.4300 were used to test the sensitivity of fiber sensor sample S1. As the same with previous solution with low refractive index, the envelopes of these spectra also exhibit a blue shift with an increase in RI, which is not given in this paper to avoid being verbose. Figs. 11(a) respectively. The overview of sensitivity over different refractive index ranges and fitting of sensitivity changes with refractive index increases were also shown in Fig. 11(d) . As the refractive index of liquid increases, the sensitivity rises exponentially. The corresponding fitting formula is shown as follows: S = 2.16113 × 10 −19 × e n/0.02657 + 13409.55225
where S is the sensitivity. In the vicinity of the refractive index of 1.334, the sensing sensitivity of fiber sensor sample S1 is 14972.00 nm/RIU as described above. When the refractive index increases to around 1.356, 1.388 and 1.429, the sensing sensitivity is 15530.58, 24929.90 and 62586.61 nm/RIU, respectively. This is because according to the formula (5),
the sensitivity is inversely proportional to k. For the purpose of measurement, this λ must be within a specific range, when the refractive index of the sample increases, n as well as k decreases, thus the sensitivity also increases. What's more, as the refractive index of the sample approaches the refractive index of the fiber, the influence of this change increases dramatically, resulting in a significant promotion in the rate of sensitivity improvement. Finally, to ensure the mechanical stability of the sensors, simple packaging protection was developed. We heat and melt both ends of the heat-shrinkable tube to wrap the fiber microstructure, and used a syringe to inject and discharge the liquid samples. Fig. 12 exemplifies a packaged device.
Conclusion
A unique type of refractive index sensor is proposed and studied by splicing a short section of side-hole fiber (SHF) with two coreless fibers (CLFs) and two single-mode fibers (SMFs). The SHF is laterally offset to expose one of its two holes to the external liquid. On the input side, the SMF leads in the light and the CLF expands the beam size, enabling us to feed light into the two holes and the silica part of the SHF. Each hole and the silica part form a Mach-Zehnder interferometer (MZI), and therefore, this sensor has dual MZIs. Experimental studies and theoretical calculations show that the sensitivity reaches 14,000 nm/RIU when the closed hole is filled with air and the open hole is filled with liquid, and the SHF section length has little influence on the sensitivity. When the closed hole is pre-filled with liquid to facilitate the Vernier effect, the sensitivity is enhanced by a factor of 3.1 to 44,000 nm/RIU, which corresponds to the limit of detection (LOD) down to the level of 1 × 10 −5 RIU. This sensor could find potential applications that require highly-sensitive refractive index measurements at points of interest, such as label-free biosensing, chemical analyses and medical diagnoses.
